This practice-based, randomized clinical trial evaluated and compared the success of direct pulp capping in permanent teeth with MTA (mineral trioxide aggregate) or CaOH (calcium hydroxide). Thirty-five practices in Northwest PRECEDENT were randomized to perform direct pulp caps with either CaOH (16 practices) or MTA (19 practices). Three hundred seventy-six individuals received a direct pulp cap with CaOH (n = 181) or MTA (n = 195). They were followed for up to 2 yrs at regular recall appointments, or as dictated by tooth symptoms. The primary outcomes were the need for extraction or root canal therapy. Teeth were also evaluated for pulp vitality, and radiographs were taken at the dentist's discretion. The probability of failure at 24 mos was 31.5% for CaOH vs. 19.7% for MTA (permutation log-rank test, p = .046). This large randomized clinical trial provided confirmatory evidence for a superior performance with MTA as a direct pulp-capping agent as compared with CaOH when evaluated in a practice-based research network for up to 2 yrs (ClinicalTrials.gov NCT00812887).
Introduction
A direct pulp cap is a procedure in which a medicament is placed directly over the exposed dental pulp, with the specific aim of maintaining pulp vitality and health (Camp and Fuks, 2006; Hilton, 2009; Mente et al., 2010) . Advantages of a successful direct pulp cap are numerous, including the avoidance of more extensive treatment, such as root canal treatment or extraction. Calcium hydroxide (CaOH) has been considered the "gold standard" of direct pulp-capping materials for several decades (Baume and Holz, 1981; Camp and Fuks, 2006; Hilton, 2009 ). While a new cement (mineral trioxide aggregate, MTA) has become a popular alternative, a recent Cochrane Review found that evidence is lacking as to the most effective pulp-capping material (Miyashita et al., 2007) .
Calcium hydroxide possesses antibacterial properties which can minimize or eliminate bacterial penetration and subsequent irritation of pulpal tissue (Barthel et al., 1997) . Historically, the repair mechanism has not been fully understood. Recent research has demonstrated that the repair mechanism may be due in part to the release of bioactive molecules from dentin matrix, including Bone-Morphogenetic Protein (BMP) and Transforming Growth Factor-Beta One . Both have demonstrated the ability to stimulate pulp repair and dentin remineralization (Barthel et al., 1997; Graham et al., 2006; Zhang et al., 2007) . The disadvantages of calcium hydroxide are that it has no inherent adhesive properties and provides a poor seal, and the self-cure formulations are soluble and subject to dissolution over time (Hilton, 2009) .
MTA is comprised of calcium oxide in the form of tricalcium silicate, dicalcium silicate, tricalcium aluminate, and bismuth oxide for radiopacity (Camilleri, 2008) . Calcium hydroxide is the main reaction product of MTA and water (Camilleri, 2008) . The biocompatibility of MTA is likely due to the formation of CaOH, which stimulates pulpal repair. Unlike CaOH, MTA has a significant advantage in that it provides some seal to tooth structure (Luketic et al., 2008) .
Disadvantages of MTA are that it is highly soluble and has a prolonged setting time of approximately 2 hrs and 45 min (Fridland and Rosado, 2005; Islam et al., 2006) .
Three human studies have shown no significant differences between MTA and CaOH for superficial and deep inflammatory cell response, the presence of a dentin bridge, and pulp vitality (Colceriu et al., 2005; Iwamoto et al., 2006; Accorinte et al., 2008) . Four other human studies found that MTA treatment was more effective for pulp capping (Aeinehchi et al., 2003; Chacko and Kurikose, 2006; Min et al., 2008; Nair et al., 2008) . However, these studies tended to exhibit shortcomings such as low subject numbers, as well as differing methodologies. The histological studies demonstrated less pulpal inflammation and a superior hard-tissue barrier with MTA.
The specific aim of this randomized clinical trial was to evaluate and compare the success of direct pulp capping in permanent teeth with MTA vs. CaOH. This study was executed in Northwest PRECEDENT (NWP), a practice-based research network (DeRouen et al., 2010) . The study was designed to be the largest randomized trial of adult direct pulp caps, and the first conducted by dentists in their own practices.
Study Population & Methods

Practitioner Participants
All eligible dentist-investigators of NWP were offered the opportunity to participate, provided the practitioner agreed to be randomized by material. Each provider and ancillary personnel received training in utilization of the appropriate pulp-capping material to ensure uniformity among the providers.
Subject Participants
The study was reviewed and approved by the Oregon Health & Science University Institutional Review Board. All patients, ages 7 yrs or older, exhibiting pulp exposure (carious, traumatic, or mechanical) were eligible. During the course of treatment, if the dentistinvestigator deemed that a direct pulp cap was the appropriate clinical procedure, he/she then performed the pulp cap using the assigned capping agent (MTA or CaOH). Pulp vitality was determined by the presence (vital) or absence (non-vital) of pulp bleeding from the exposure site. The tooth had to be part of the permanent dentition and could not have any radicular radiolucency. Additionally, there could be no history of spontaneous or lingering pain in response to temperature or biting. Only one pulp cap per patient was eligible. A radiograph was taken after the pulpcapping procedure if one within the preceding 6 mos was not available. Written informed consent was obtained after the appointment was complete. Patients had the right to decline enrollment and to opt out of the study at any time.
Interventions
After pulp exposure and vitality confirmation, the exposure and surrounding area were rinsed with water to remove debris. A cotton pellet moistened with 5.25% sodium hypochlorite was placed over the exposure for 1 to 2 min to control pulp hemorrhage and to disinfect the area. The cotton pellet was removed, and if bleeding continued, a new cotton pellet moistened in the sodium hypochlorite solution was re-applied for several min. This was repeated until bleeding was controlled or the practitioner decided that pulp capping was not appropriate. The pulp-capping agent (MTA; Pro Root, Tulsa Dental, Tulsa, OK, USA; or CaOH, Life, Kerr, Orange, CA, USA) was then applied by the dentist. A resin-modified glass-ionomer liner (Vitrebond, 3M/ESPE) was placed over the pulp-capping agent and extended peripherally beyond it. The materials were used according to the manufacturer's clinical directions. The teeth were restored as deemed appropriate by the dentist.
Recalls
Patients were contacted by the practice by telephone within 1 mo of the procedure and were subsequently seen every 6 mos up to 2 yrs, unless a problem developed that required earlier assessment. A telephone interview was attempted if the patient could not be seen at these intervals.
Outcomes Measures
Treated teeth were followed for up to 2 yrs or until the tooth required extraction or root canal therapy. At each appointment, the tooth was assessed for pulp vitality. A periapical radiograph was taken and assessed for signs of pulpal (resorption, calcification) or periradicular (radiolucency) pathology at the practitioner's discretion. A periapical radiograph was requested at the final follow-up (2 yrs or study end).
Sample Size
Based on previous work on pulp capping with CaOH, showing annual failure rates ranging from 5% to 21% (Fitzgerald and Heys, 1991; Matsuo et al., 1996; Clement et al., 2000) , a 20% pulp cap failure rate was assumed after 1 yr and a 30% failure rate after 2 yrs for CaOH. A sample size of 40 practices, each enrolling 16 patients and assuming 20% loss to follow-up, would provide 90% power to detect a 50% reduction in the 2-year failure rate, from 30% to 15%. This is based on a modified chi-square test with adjustment for correlation between patients in the same practice at a two-sided 0.05 significance level and a 0.05 intraclass correlation coefficient (Donner and Klar, 2000) . Because of lower than expected enrollment, the initial sample size and 2 yrs of follow-up on all patients were not feasible. Based on an average follow-up of 1.5 yrs and 35 practices enrolling 375 individuals, the power was recalculated as 81% to detect a 60% reduction, and 63% to detect a 50% reduction in the pulp cap failure rate.
Randomization/Allocation Concealment/Blinding
Randomization was done by practice rather than by patient to avoid any delays in material selection. Practices were randomly pre-assigned in blocks of 2 or greater by the NWP Data Coordinating Center using the Sample function of R Version 2.15 (The R Foundation for Statistical Computing, 2012) . Randomization was stratified on practice type, usual pulp cap material, number of pulp caps performed per month, practice location, and years in practice (see Table 1 ). It was not feasible to blind the practitioners to the materials, because their handling characteristics are dissimilar.
Statistical Methods
For the primary treatment comparison, a recommendation for tooth extraction or root canal therapy was counted as a failure, even if the patient had not yet completed treatment by the final follow-up. Secondary analysis also considered a pulp cap to have failed if the radiograph showed a radiolucency. The study protocol called for comparing failure rates based on an intent-to-treat analysis using a modified chi-square test with adjustment for correlation between patients in the same practice and assuming 2 yrs of follow-up on all patients (Donner and Klar, 2000) . The statistical plan was modified because of lower than expected practice and subject numbers and varying follow-up Rural 37.1% (13) 37.5% (6) 36.8% (7) Practice type Private practice 80.0% (28) 81.3% (13) 78.9% (15) Community clinic 20.0% (7) 18.8% (3) (152) times. A clustered permutation test with 10,000 random permutations based on the log rank test statistic was used for the primary treatment comparison to account for censoring and to ensure proper test size given the number of practices (Stedman et al., 2009) . A confirmatory analysis, adjusted for patient, dentist, pulp exposure, and tooth characteristics, and incorporating follow-up time, was performed by a marginal Cox proportional hazards regression with robust standard error estimates that accounted for clustering by practice (Lin, 1994) .
Results
Participant Flow/Recruitment
Forty-three practices were enrolled and randomized, of which 35 enrolled 376 patients between May 2009 and March 2011; 358 were included in the primary analysis ( Fig. 1) . Table 1 describes study subjects and dentists, and Table 2 describes pulp exposure, pulp capping, and tooth characteristics used in the proportional hazards regression.
Baseline Data
Follow-up Time
Subjects were followed up for 2 yrs or at study end, May 2012. The median (range) CaOH group follow-up was 12.1 mos [(range, 0.2 to 30.9 mos)] and the median MTA group follow-up was 15.6 mos. [(range, 0.2 to 33.5 mos)]. Additional information on follow-up and those lost to follow-up can be found in the Appendix. No adverse events due to direct pulp-capping occurred.
Outcomes
Forty-five CaOH pulp-capped teeth were recommended for either extraction (7) or root canal therapy (38); 25 MTA pulp-capped teeth were recommended for either extraction (6) or root canal therapy (19). The primary analysis indicated a higher failure rate in the CaOH group than in the MTA group (permutation log-rank test, p = .046). The Kaplan-Meier estimate for pulp cap failure by 24 mos for CaOH treatment was 31.5% vs. 19.7% for teeth pulp-capped with MTA (Fig. 2) . The Kaplan-Meier estimates, which take into account censoring, are higher than the crude failure rates, 24.6% (43/175) for CaOH and 13.6% (25/183) for MTA. In the secondary analysis, 3 additional radiographic pulp-cap failures (radiolucency) were identified in the 43 dental practices enrolled and randomized 24 practices randomly assigned to CaOH 16 practices included in primary analysis 8 practices excluded: 1 indirect pulp caps only 1 dentist retired 1 withdrew consent 5 no pulp caps performed MTA group. Recalculating the probability of failure with these failures resulted in a failure rate of 31.5% for CaOH and 22.4% for MTA (p = .067). One 
Discussion
There are limited published data comparing the effectiveness of CaOH and MTA in clinical situations involving a carious pulp exposure. Subsequent to the launch of this study, Mente et al. (2010) performed a case-control study involving carious pulp exposures with follow-up ranging from 12 to 80 mos (median, 27 mos). There were several differences in this study compared with the current results: It took place in an academic setting, there were 122 pulp caps in 108 patients, 72% of the pulp caps were accomplished by undergraduate dental students, there was no random treatment assignment, and the study was underpowered. Nonetheless, the results were similar to those in the present study, in that MTA showed a 22% failure rate compared with a 40% failure rate for CaOH (p = .05). Based on the results of the present study, and on those of others in humans and animals, there is evidence that MTA is more effective than CaOH for direct pulp caps. Considering the similarities in the reaction products of the 2 materials, it would seem that the likely explanation for this is the superior sealing ability of MTA.
This study has some significant strengths. First, it is the largest controlled clinical trial to date comparing direct pulp-capping success (Aguilar and Linsuwanont, 2011) . It was conducted in private and public health practices, primarily on carious pulp exposures. This reflects the clinical scenario most confronted in the practice of dentistry, as opposed to institutional studies on virgin premolars or third molars slated for extraction in young individuals (Iwamoto et al., 2006; Accorinte et al., 2008; Min et al., 2008) . Finally, the median (range) follow-up was 12.8 mos (range, 0-33.5 mos), compared with a follow-up of 2 to 4 mos in many institutional studies (Iwamoto et al., 2006; Accorinte et al., 2008; Min et al., 2008) .
Although practitioners were trained in a standard pulp-cap procedure, one of the limitations of this practice-based study was a lack of ongoing monitoring of the study procedures. It is possible that a lack of adherence to study protocol was the cause for an inordinate number of failures in one practice. Exclusion of this practice reduced the magnitude of the difference between the 2 materials, which became statistically insignificant, and thus there is reluctance to declare that this study by itself provides conclusive evidence of better outcomes for MTA. However, given similar trends in other studies, and the strong trend toward MTA in this study even when the one practice was excluded, there is cumulative evidence for MTA superiority. A challenge to this study was the randomization procedure. Since there was concern that a delay in accomplishing the pulp cap could have an adverse impact on pulp-cap success (Aguilar and Linsuwanont, 2011) , it was considered inappropriate to utilize a randomization scheme at the time of pulp exposure. Instead, randomization was by practice, and this meant that dentists may have used a material with which they were less familiar. Because most dentist investigators were using CaOH before the study, this situation would have been most relevant for the MTA group, suggesting that the results with MTA may have been even better if the dentists had been as familiar with it as they were with CaOH. A cross-over design was not considered feasible because of the extra training burden on the dentists and increased length of the study.
This article presents the main results of a randomized clinical trial comparing the effectiveness of CaOH and MTA in direct pulp capping. The numerous co-variables collected and their associations with pulp-cap failure, regardless of the treatment material used, will be the subject of a future article.
In conclusion, this large randomized clinical trial, conducted for up to 2 yrs within a practice-based research network, provided confirmatory evidence for a superior performance with MTA as a direct pulp-capping agent as compared with CaOH.
